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(57) ABSTRACT

An apparatus and method for generating high-pressure
pulses in a subterranean dielectric medium are provided. The
method includes providing an electrode assembly in the
medium, the electrode assembly having first and second
electrodes that define a gap therebetween. A shaped electric
current pulse is delivered to the electrode assembly. The
electric current pulse has a duration greater than 100 ps so
that an electric arc is formed between the first and second
electrodes, thereby producing a pressure pulse in the
medium.
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1
METHOD AND APPARATUS FOR
GENERATING HIGH-PRESSURE PULSES IN
A SUBTERRANEAN DIELECTRIC MEDIUM

PRIORITY CLAIMS

This application claims benefit under 35 USC 119 of U.S.
Provisional Patent Application Nos. 61/801,304 with a filing
date of Mar. 15, 2013 and 61/868,391 with a filing date of
Aug. 21, 2013, the disclosures are incorporated herein by
reference in their entirety.

FIELD

The present invention relates to a method and apparatus
for using an electric pulse to generate a high-pressure pulse,
typically of relatively long duration, in subterranean water
or other dielectric media.

BACKGROUND

Fracturing of subterranean geological structures can be
useful for assisting in the development of hydrocarbon
resources from subterranean reservoirs. More particularly, in
certain types of formations, fracturing of a region surround-
ing a well or borehole can allow for improved flow of oil and
gas. A conventional method for causing such fracturing in
the geologic structure involves generating hydraulic pres-
sure, which may be a static or quasi-static pressure generated
in a fluid in the borehole. Another conventional method
includes generation of a shock in conjunction with a hydrau-
lic wave by creating an electrical discharge across a spark
gap. U.S. Pat. No. 8,220,537, titled “Pulse fracturing device
and method,” describes a fracture method that includes
generating an acoustic wave in a fluid medium present in the
borehole.

While conventional methods have been used successfully
to form fractures, there is a continued need for an improved
method and apparatus for generating high-pressure pulses in
a subterranean medium and causing fracturing to occur.

BRIEF SUMMARY

The present invention provides an apparatus and method
for generating high-pressure pulses in a subterranean dielec-
tric medium, including electrical pulses of relatively long
duration, e.g., greater than 100 ps and, in some cases, 4 ms
or longer.

The method includes providing an electrode assembly in
the medium. The electrode assembly has first and second
electrodes that define a gap therebetween. A shaped electric
current pulse having a duration greater than 100 ps is
delivered to the electrode assembly so that an electric arc is
formed between the first and second electrodes, and a
pressure pulse is thereby produced in the medium. For
example, a substantially constant current can be maintained
during the duration of the current pulse duration and the
duration of the electric current pulse can be between 200 s
and 4 ms. The electric current pulse can have a voltage
between 10 kV and 30 kV and a current of at least 5 kA.
Each electric current pulse can delivering at least 50 kJ of
energy to the electrode assembly, and the pressure produced
in the medium can be at least 1 kbar for a duration of at least
10 milliseconds. The delivery of the electrical current pulse
can be repeated at a frequency of at least 1 Hz.
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2

The dielectric medium can include fluids that are found in
a wellbore used for recovery of hydrocarbons from a sub-
terranean reservoir, such as one or more of water, saline
water, oil, and drilling mud.

In some cases, the pressure of the medium is increased
prior to delivery of the electric current pulse. For example,
a fluid can be delivered to the medium to increase the
pressure of the medium to at least 5 bars prior to the delivery
of' the electric current pulse. Also, the dielectric medium can
be a fluid that is at least partially saturated with a gas, such
as ammonia, sulfur dioxide, or carbon dioxide, so that the
electric arc releases some of the gas from the dielectric
medium during the production of the pressure pulse, thereby
increasing the pressure and/or increasing the duration of the
pressure pulse. The gas can occur naturally in the dielectric
fluid or can be injected into the medium prior to the delivery
of the electric pulse.

According to another embodiment, the disclosure pro-
vides an apparatus for generating high-pressure pulses in a
subterranean dielectric medium. The apparatus includes an
electrode assembly that is configured to be disposed in the
medium. The electrode assembly has first and second elec-
trodes that define a gap therebetween. A pulser is configured
to deliver a shaped electric current pulse to the electrode
assembly, wherein the electric current pulse has a duration
greater than 100 us, to form an electric arc between the first
and second electrodes and thereby produce a pressure pulse
in the medium. For example, the pulser can be configured to
deliver the electric current pulse at a voltage between 10 kV
and 30 kV and at a current of at least 5 kA. The pulser can
be configured to maintain a substantially constant current
during the duration of the current pulse duration, and the
duration of the electric current pulse can be between 200 ps
and 4 ms. The pulser can be configured to deliver at least 50
kJ of energy to the electrode assembly during the electric
current pulse duration.

In some cases, the first and second electrodes of the
electrode assembly are disposed in an axial configuration.
Each electrode can have a diameter between 0.25 cm and 4
cm, and the electrodes can define an axial gap between 0.5
cm and 4 cm therebetween. In other cases, the electrode
assembly the first and second electrodes are arranged in a
radial configuration, with the first electrode disposed radi-
ally within a ring configuration defined by the second
electrode. Each electrode can have a thickness between 0.2
cm and 2.5 cm, and the radial gap between the electrodes can
be between 0.5 cm and 4 cm.

The pulser can include an inductive pulse-forming net-
work and an opening switch configured to deliver the
electrical current pulse to the electrode. The opening switch
can be a solid-state electrical switch and/or a gas-based
electrical switch. The pulser can be configured to deliver a
plurality of electrical current pulse to the electrode assembly
at a frequency of at least 1 Hz.

The apparatus can also include a pressure device config-
ured to deliver a flow of fluid to the medium to increase the
pressure of the medium to at least 5 bars.

In atypical operation, one or more electrical discharges or
arcs are formed in the water or other dielectric media.
Although the present invention is not limited to any par-
ticular theory of operation, it is believed that the arc vapor-
izes and ionizes the dielectric medium in the arc. It is also
believed that the temperature of the medium’s vapor
increases, the size of the plasma channel increases, and a
point is reached at which the impedance of the arc decreases
rapidly with increasing current through the arc as the vapor
ionizes. In some cases, the energy delivered to the dielectric
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medium may not be sufficiently increased by simply increas-
ing the current because the electrical coupling efficiency
(i.e., the ability to create a pressure pulse by the discharge of
the electrical pulse in the medium) may decreases as the
resistivity falls. However, it is believed that a good coupling
efficiency can be maintained by limiting the peak value of
the arc current and providing an initial, static pressure to the
water so that the impedance of the water arc is maintained
at an appropriate level. To deliver additional energy to the
dielectric medium, the pulse duration of the arc can be
increased while maintaining nearly constant current and,
typically, generating a pressure in the medium that increases
with time. Such arcs can be maintained stably for durations
of at least several milliseconds. During this time, the imped-
ance of the arc may either remain constant or slowly
increase. By lengthening the duration of the pulse, it is
believed that the total energy delivered to the medium can be
increased, e.g., to achieve a desired degree of subterranean
fracturing in a hydrocarbon production operation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view illustrating an apparatus for
generating high-pressure pulses in a subterranean dielectric
medium according to one embodiment of the present inven-
tion.

FIG. 2 is a schematic view illustrating the pulser of the
apparatus of FIG. 1.

FIG. 3 is a graphic illustration of the voltage and current
applied by the pulser to the electrode assembly and flowing
through an arc formed in water as a function of time during
operation of an apparatus according to the present disclo-
sure.

FIG. 4 is a graphic illustration of the impedance as a
function of time of an electric arc formed in water during
operation of an apparatus according to the present disclo-
sure.

FIG. 5A is a schematic view illustrating the electrode
assembly of the apparatus of FIG. 1.

FIG. 5B is a sectional view of the electrode assembly of
FIG. 5A, as seen along line 5B-5B.

FIG. 6A is a schematic view illustrating an electrode
assembly according to another embodiment of the present
disclosure.

FIG. 6B is a sectional view of the electrode assembly of
FIG. 6A, as seen along line 6B-6B.

DETAILED DESCRIPTION

The present invention now will be described more fully
hereinafter with reference to the accompanying drawings, in
which some, but not all embodiments of the invention are
shown. Indeed, this invention may be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to
those skilled in the art. Like numbers refer to like elements
throughout.

Referring to FIG. 1, there is shown an apparatus 10 for
generating high-pressure pulses in a subterranean dielectric
medium according to one embodiment of the present dis-
closure. The apparatus 10 includes a pulser 12 that is
configured to deliver a high voltage current through an
electrical cable 14, which can be disposed within a wellbore
16 that extends to a subterraneous hydrocarbon reservoir 18.
The cable 14 electrically connects the pulser 12 to an
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electrode assembly 20, so that the pulser 12 can power the
electrode assembly 20 and generate a pulse in the wellbore
16.

The wellbore 16 can have portions that extend vertically,
horizontally, and/or at various angles. Conventional well
equipment 22 located at the top of the wellbore 16 can
control the flow of fluids in and out of the wellbore 16 and
can be configured to control the pressure within the wellbore
16. The wellbore 16 can be at least partially filled with the
medium, which is typically a fluid 24 such as water, and the
equipment 22 can pressurize the fluid as appropriate.

The pulser 12 is connected to a power source 26, ¢.g., a
device configured to provide electrical power, typically DC.
A controller 28 is also connected to the pulser 12 and
configured to control the operation of the pulser 12. The
pulser 12 can include an electrical circuit that is configured
to generate a shaped or tailored electric pulse, such as a pulse
having a square (or nearly square) voltage profile, as shown
in FIG. 3. For example, as shown in FIG. 2, the electrical
circuit of the pulser 12 can include a plurality of capacitors
30a, 305, 30c, 30d (collectively referred to by reference
numeral 30) and inductors 32a, 3256, 32¢, 32d (collectively
referred to by reference numeral 32) that are arranged in
parallel and series, respectively, to form a pulse-forming
network (“PFN”) 34. The values of the capacitors 30 and
inductors 32 can vary throughout the network 34 to achieve
the desired pulse characteristics. For example, each of the
capacitors 30q in a first group (or stage) of the capacitors can
have a value C, such as 100 pF, and each of the inductors 32a
in a first group (or stage) of the inductors can have a value
L, such as 80 uH. Each of the capacitors 3056 in a second
group of the capacitors can have a lesser value, such as %2
C, and each of the inductors 325 in a second group of the
inductors can have a lesser value, such as Y2 L. Each of the
capacitors 30c in a third group of the capacitors can have a
still lesser value, such as ¥4 C, and each of the inductors 32¢
in a third group of the inductors can have a still less value,
such as % L. Each of the capacitors 304 in a fourth group of
the capacitors can have a still lesser value, such as ¥4 C, and
each inductor 324 in a fourth group of the inductors can have
a still less value, such as ¥ L.

A ground of the PFN 34 is connected to the power source
26, and the PFN 34 is configured to be energized by the
power source 26. An output 36 of the PFN 34 is connected
to the cable 14 through a switch 38, such as a solid-state
IGBT switch or another thyristor, which is connected to the
controller 28 and configured to be controlled by the con-
troller 28, so that the controller 28 can selectively operate
the pulser 12 and connect the PFN 34 to the cable 14 to
deliver a pulse to the electrode assembly 20. For example,
the switch 38 can be a device that is capable of handling a
peak voltage of at least 20 kV, a maximum current of at least
20 kA, and a maximum charge of at least 100 C. Such IGBT
switches can be assembled by placing commercially avail-
able IGBTs in series and parallel in order to obtain the
necessary voltage and current handling capabilities. In some
cases, other types of switches may be usable, such as gas
switches of a sliding spark design.

It is also appreciated that the pulser 12 can use other
energy storage devices, other than the illustrated PFN 34.
For example, while the illustrated embodiment uses capaci-
tive energy storage based on a Type B PFN configuration, it
is also possible to use a PFN based on inductive energy
storage and a solid-state opening switch. An inductive PFN
could allow a smaller design and could also allow a lower
voltage during the charging phase (e.g., a typical charging
voltage of about 1 kV in the inductive PFN instead of a
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typical charging voltage of about 20 kV in a capacitive PFN)
and only operate at high voltage for a short period (such as
a few microseconds) during the opening of the switch 38.

The controller 28 can repeatedly operate the pulser 12 to
deliver a series of discrete pulses. One typical repetition rate
is about one pulse per second, or 1 Hz. In other cases, the
pulser 12 can be operated more quickly, e.g., with a repeti-
tion rate as fast as 5 Hz or even faster, depending on the need
of the particular application. If a much lower repetition rate
is acceptable (such as less than 0.1 Hz), then other electrical
gas switches that are unable to provide fast repetition may be
usable.

The pulser 12 can be actively or passively cooled. For
example, as shown in FIG. 2, the pulser 12 can be disposed
in an enclosure 40 that is filled with a thermally conductive
fluid 42 such as oil that cools the pulser 12. Additional
equipment, such as a radiator and/or fans, can be provided
for actively cooling the oil 42. In other cases, the pulser 12
can be air-cooled.

In one embodiment, the pulser 12 is configured to operate
with an output voltage of between 10 kV and 30 kV, such as
about 20 kV. The pulser 12 can generate a peak current
between 10 kA and 20 kA, such as between 12 kA and 15
kA, depending on the impedance of the impedance of the
cable 14 and the impedance of the arc generated in the
dielectric fluid. The impedance of the PFN 34 can be
matched to the expected impedance load at the electrode
assembly 20, e.g., between 0Q and 19, such as between
0.5Q and 0.9Q. In another case, the peak current was kept
below about 20 kA and the medium was pressurized, result-
ing in an impedance between 0.1Q and 0.4Q.

FIG. 3 shows the electrical waveform of a typical voltage
pulse 50 and a typical current pulse 51 during operation of
the apparatus 10. The current pulse 51 has a pulse width 52
that is determined, at least partially, by the number of
elements in the PFN 34 shown in FIG. 2. The magnitude of
the current 53 is determined, at least partially, by the values
of'the capacitors 30 and inductors 32 of the PFN 34. The rise
time 54 of the current waveform 51 is determined, at least
partially, by the first-group elements 30a, 32a of the PFN 34.

FIG. 4 shows the impedance 60 of one typical water arc
as a function of time during operation of the apparatus 10.
The rapid fall time of the impedance 62 is driven by the rapid
rise of the current 54. The pulse width of the current 52 is
reflected in the impedance as the pulse width of the imped-
ance 62. The average magnitude of the impedance 63 is
determined, at least partially, by the electrode geometry, the
peak current 53, and the static pressure applied to the load.
The average impedance 63 is nearly constant (even slightly
increasing) with time.

The current can be maintained at a substantially constant
level for the duration of the pulse. The pulse can be
maintained to achieve a pulse length, or duration, of greater
than 100 ps. For example, the embodiment between 200 s
and 4 ms. Further, in other embodiments, the pulser 12 can
provide a pulse duration of more than 4 ms, e.g., by adding
additional capacitors 30q in the first group of capacitors.

Although other configurations of the PFN 34 are possible,
the illustrated configuration is known as a pulsed current
generator in a Type B PFN configuration, which can provide
a substantially constant current pulse to electrode assembly
20 and the art formed therein through the dielectric medium.
The PFN-based pulser 12 allows control of the current that
drives the discharge.

Although the present invention is not limited to any
particular theory of operation, it is believed that the highest
value capacitors 30a and inductors 32a can provide or define
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the basic pulse shape and the pulse duration, and the other
capacitors 305, 30c, 304 (and, optionally, additional capaci-
tors) and inductors 325, 32¢, 32d (and, optionally, additional
inductors) reduce the rise time of each pulse provided by the
PFN 34. More particularly, the rise time can be determined
by the rise time of the first group of capacitors 30a and
inductors 32a. The PFN 34 can be designed to have a rise
time of less than 100 ps, such as between 20 ps and 75 us,
typically between 25 ps and 50 ps, depending on the
inductance of the cable 14, the smallest capacitance in the
PFN 34, and the load at the electrode assembly 20. In
general, shorter rise times can be effective, while longer
times tend to have higher levels of break down jitter and
longer delays between the application of voltage to the
electrodes and the development of an arc.

An appropriate selection of the values of the capacitors 30
and inductors 32 in the PFN 34 can limit the peak current
that the PFN 34 delivers. This is the effect of the impedance
of'the PFN 34, where the PFN 34 impedance (Z ) is given
as follows:

L
Zppy = ok

where L. can C are the inductance and capacitance of the
PFN 34.

In a typical case, values of Z ., are roughly in the range
of 0.5Q2 to 1Q. Typically, the rise time of the current pulse
from the PFN 34 is proportional to the square root of the L.C
of the individual elements of the PFN 34. For a load
impedance greater than the impedance of the PFN 34, the

rise time (t,,.,) can be about Y4 the LC period, given as
follows:

The peak current (I,..,.) of an element of the PFN 34 can
be proportional to the voltage on the capacitor (V,), the
square root of the capacitance in inversely proportional to
the square root of the inductance of the element of the PFN
34 (if the impedance of the PFN 34 is larger than the load
impedance), as follows:

Vo

et = =2
peak
Zpry

c
=Vol T -

In the illustrated embodiment, the PFN 34 is modified to
have smaller capacitors 305, 30c, 304 and inductors 324,
32¢, 32d precede the main set of capacitors 30a and induc-
tors 32a to provide improved current rise time. Thus, the
smaller-value capacitors 305, 30c, 30d and smaller-value
inductors 3256, 32¢, 32d can be selected with values that are
sized to maintain the same value of current but will provide
a smaller time to peak current as the first few elements in the
PFN 34. By using this approach, the modified PFN can be
made to have a rise time less than 50 us and yet having a
total duration ranging from about 200 ps to several ms. The
total energy (E) stored in the PFN 34 can be the sum of the
energies stored in all of the capacitors of the PFN 34 and is
expressed as follows:
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E=05 szn: C;.
i=1

The energy coupled to the dielectric medium discharge
can reach or even exceed 500 kJ for reasonable PFN 34
parameters and charge voltages. The number of capacitors
30 inductors 32 in the PFN 34 can determine the pulse length
of the current pulse delivered to the arc. The pulse width of
the PFN 34 can be determined by the sum of the capaci-
tances and inductances of the entire PFN 34. For example,
in the illustrated embodiment, the duration of each pulse, or
pulse width (t,,), of the PFN 34 is given as follows:

In one example, the pulse width is between about 1 ms
and 4 ms, the total capacitance of the PFN 34 is between
about 1 mF and 4 mF, the peak current is about 15-18 kA,
and the total inductance of the PFN 34 is between about 0.4
mH and 1.6 mH. In other cases, where less energy is
required and a shorter pulse is desirable, the number of
stages of first-group capacitors 30a and first-group inductors
32a can be reduced to decrease the pulse length and stored
energy. One such embodiment would use only 5 capacitors
30a and 5 inductors 32a in the first group, together with the
faster stages (306, 30c, 304 and 325, 32¢, 32d) to generate
a 1-ms pulse.

The total energy of the pulse can also be varied according
to the fracturing needs of a particular reservoir. In some
cases, the total energy of each pulse can be between 50 kJ
and 500 kJ, e.g., 450 kJ. The total energy per pulse can be
reduced, if needed, by reducing the number of the capacitors
30a in the first group of the PFN 34, or the energy per pulse
can be increased by adding to the number of the capacitors
30 in the first group of the PFN 34.

It is appreciated that the pulser 12 can be optimized to
provide a pulse length (by adjusting the number of groups of
capacitors 30 and inductors 32 in the PFN 34), rise time (by
adjusting the size of the smaller-value capacitors 3056, 30c,
304 and inductors 326, 32¢, 32d in the PFN 34), maximum
voltage, and repetition rate depending on the specific appli-
cation and manner of use. Generally, it is believed that a
current greater than about 20 kA for pulses in water may
result in arc impedances that are too low for efficient energy
coupling. On the other hand, arc currents that are too low
may be subject to uncontrolled arc quenching for longer
pulses. The electrode assembly 20 is connected to the cable
14 and configured to create one or more electric arcs when
the electric pulse is delivered via the cable 14. For example,
FIGS. 5A and 5B show an electrode assembly 20 configured
to form an electric arc between a first (or high voltage)
electrode 70 and a second (or ground) electrode 72 that are
positioned with an axial gap 74 therebetween. The elec-
trodes 70, 72 are disposed in assembly housing 76 so that the
electric arc can be formed across the gap 74 therebetween in
the axial direction of the electrode assembly 20. The first
electrode 70 is mounted in a conducting electrode holder 78,
e.g., by a press fit. The first electrode 70 and the holder 78
are disposed in an insulator 80, such as high-density poly-
ethylene (HDPE), which is retained in the assembly housing
76 with a compression ring 82. The cable 14 is connected to
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the first electrode 70 via the electrode holder 78 with an
electrical connector 84. The electrical connector 84 is sur-
rounded by an insulative material 86, such as a highly
compressed, oil-saturated foam 29. The assembly housing
76 has a plurality of circumferentially spaced vanes 88 that
electrically and mechanically connect the lower portion of
the assembly housing 76 to the second electrode 72 by way
of a conductive electrode mounting 90 and a conductive
shock reflecting base 92. As shown in FIG. 5B, the vanes 88
define gaps 89 therebetween so that the pressure pulse can
be transmitted outside the housing 76 to the dielectric
medium 24 in the wellbore 16. In other embodiments, the
vanes 88 can be smaller or larger than as shown in FIG. 5B.

FIGS. 6A and 6B illustrate another embodiment of the
electrode assembly 20 in which the electrodes 70, 72 are
configured in a radial arrangement so that the arc is formed
radially. In this case, the first electrode 70 includes a
cylindrical element 94 mounted on a conducting base 96 via
a bolt 98, with retaining members 100 disposed axially
opposite the cylindrical element 94. The second electrode 72
extends circumferentially on the inner surface of the housing
76, with the gap 74 defined radially between the first and
second electrodes 70, 72 so that the arc can be formed in the
radial direction.

The dimensions of the insulator 80 can be designed
according to the structural and electrical requirements of the
electrode assembly 20. In the illustrated embodiment, the
diameter of the insulator 80 is about 10 cm, and the length
of the insulator 80 is typically equal to or greater than its
diameter. A variety of insulative materials can be used for
the insulator 80, such as Polytetrafluoroethylene (PTFE),
available under the trade name, Teflon®, which is a mark of
E. I. du Pont de Nemours and Company, high-density
polyethylene (HDPE), ultra-high-molecular-weight polyeth-
ylene (UHMW PE), and nylon.

The overall dimensions and specifications of the electrode
assembly 20 can be designed according to its intended use
and the parameters of its individual components. In some
cases, the first electrode 70 can have a diameter of between
0.5 cm and 5 cm, such as about 1 cm. The first electrode 70
typically has a relatively small portion of exposed surface
area exposed to the dielectric fluid to minimize current
leakage between the time when a voltage is applied to the
electrode assembly 20 during the electric pulse until the
electric discharge in the dielectric fluid begins.

In the illustrated embodiment, the positive voltage is
applied to the first electrode 70 and the second electrode 72
is grounded, as it is believed that the negative electrode may
tend to erode more quickly than the positive electrode. The
second (ground) electrode 72 typically has a diameter that
can be the same or larger than the first electrode 70. The
second electrode 72 can include additional mass to help
extend the useful lifetime of the electrode 72 and the
electrode assembly 20.

The electrodes 70, 72 can be configured to define with a
gap 74 therebetween within the range of 0 to 5 cm, typically
between 1 cm and 3 cm, such as about 2 cm. During use of
the electrode assembly 20, the electrodes 70, 72 can erode,
and the gap 74 can increase. As the gap 74 increases, the
impedance of the dielectric fluid between the electrodes 70,
72 will also increase. Upon a certain amount of erosion from
the electrodes 70, 72, e.g., when the gap 74 becomes 2.5 cm
or more, the electrode assembly 20 can be refurbished or
replaced.

The electrodes 70, 72 are typically formed of a material
that is sufficiently mechanically robust to withstand multiple
pulses from the pulser 12. Such materials include steels
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(e.g., stainless steel or hard carbon steels), refractory metals
(such as tungsten, tantalum, or tungsten alloys), nickel
alloys (such as an alloy available under the tradename
Hastelloy®, a trademark of Haynes International, Inc.) and
carbon (such as graphite or carbon-carbon composites).
Refractory alloys of tungsten have been observed to erode at
a relatively low rate. In particular, the electrodes 70, 72 can
be made of a material formed of a mixture of tungsten and
up to 10% copper. For example, one such alloy is commer-
cially available under the trade name Elkonite® S0WC, a
trademark of CMW International Inc. The electrode assem-
bly 20 is also typically designed to be capable of withstand-
ing static pressure up to 100 bars and a peak dynamic
pressure of at least 1 kbar.

As shown in FIG. 1, the pulser 12 is connected to the
electrode assembly 20 via the cable 14. The cable 14 is
typically a low-impedance electrical conductor, which
includes one or more electrical conductors in an insulative
sheath. The impedance of the electrical connections and
conductors can be less than the impedance of the electrode
assembly 20 (including the impedance across the gap 74
between the electrodes 70, 72) and the effective combined
impedance of the capacitors 30 and inductors 32 so that the
stored electrical energy is effectively coupled to the arc
formed across the gap 74.

In use, the pulser 12 can deliver an electric current pulse
to the electrode assembly 20 so that an electric arc is formed
across the gap 74 between the electrodes 70, 72 and the
electrode assembly 20 thereby produces a pressure pulse in
the fluid 22. Electrical pulses of long duration and high
energy can be used to produce pressure pulses that are also
long in duration and of high pressure.

The apparatus 10 can be used to generate such pulses in
various types of dielectric media, such as media that include
water; saline water; oil; freon and silicon oils; mixtures of oil
and water; mixtures of oil, water, & drilling mud; liquid or
solid plastics; and mixtures of any of the foregoing, with or
without dissolved gases. For example, in the case of a
wellbore 16 used for producing hydrocarbons from a sub-
terranean reservoir, the wellbore 16 can be filled with a
naturally occurring mixture that is predominantly water, or
fluids can be injected into the wellbore 16 to increase the
effectiveness of the pulsing operation.

Dissolved gas in the medium can result in increased
pressure generation. It is believed that some of the dissolved
gas can be released from a liquid medium when the liquid
medium is shocked to either higher or lower pressures.
Dissolved gas may be naturally occurring in the medium
and/or injected into the medium for that purpose. For
example, dissolved ammonia, sulfur dioxide, or carbon
dioxide can be injected in the medium at any amounts,
potentially up to the saturation limit of the medium. In water,
a 10% molar fraction of dissolved gas can be achieved
readily at pressures above 1 bar at room temperature. The
application of 100’s of kJ of energy to the water together
with a shock wave that generates strong cavitation can
release much of the dissolved gas(es) in the dielectric
medium within a period of 100 ps-500 ps. This can provide
a relatively continuous increase in pressure in the time
following the shock that can result in a pressure pulse that
lasts more than 10 ms. Some solid hydrates exhibit a similar
behavior and can be used in a similar fashion.

In one embodiment, where the wellbore 16 contains a
dielectric medium that is mostly water, a gas is provided in
the medium in a concentration of greater than 1% molar
fraction of ammonia, sulfur dioxide, or carbon dioxide. The
heating of the medium by the electrical discharge can release
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several moles of gas from the volume of the electrode
assembly 20, e.g., more than 44 liters of gas at standard
temperature and pressure. In the same dielectric medium,
when pressurized to 100 bars and a temperature of 100 C, a
gas volume of about 1 liter can be released, such volume
being comparable to the volume of the chamber defined
within the electrode assembly 20. The generation of one or
more liters of gas can create a long duration pressure pulse,
e.g., extending for 10 ms or longer and far beyond the
duration of the electric pulse.

A pressure device 110 can be connected to the well
equipment 22 and configured to pressurize the dielectric
medium to an increased pressure before the pulsing opera-
tion. For example, the pressure device 110 can be a fluid
delivery device that is configured to inject a hydraulic,
pneumatic, or other fluid to vary the pressure in the wellbore
16 and thereby optimize the coupling of the electrical energy
to the arc and, hence, the magnitude and/or duration of the
electro-hydraulic dynamic pressure that is generated by the
electrical discharge. For example, prior to and during the
electrical discharge by the apparatus 10, a static pressure can
be applied to the dielectric medium, or a slow-pulse quasi-
static pressure can be applied to the dielectric medium. In
some cases, the pressure device 110 can increase the pres-
sure of the dielectric medium in the wellbore 16 to an
absolute pressure of between 5 and 100 bars during the
pulsing operation. In other cases, the pressure device 110
can be configured to provide even higher pressures, such as
to 200 bars, e.g., in deeper reservoirs where the naturally
occurring pressure is high. It is believed that, the apparatus
10 can develop arcs in pressurized water that have a higher
impedance than typical arcs in water at lower pressures. It is
also believed that the initial pressure in the medium can
retard the early-time expansion of the arc plasma. Later, the
increase in dynamic pressure generated by the arc itself can
feed back on the arc dynamics and continue to confine the
now-hotter arc channel.

Although the present invention is not limited to any
particular theory of operation, it is believed that short-pulse
electrical discharges are limited in the amount of electrical
power that can be efficiently coupled to a resistive water arc.
As the arc current is raised to increase electrical power (and
the energy delivery per pulse), the resulting electrical heat-
ing of the water arc plasma decreases the impedance of the
arc both through the Spitzer resistivity (pS) which scales
inversely with plasma temperature (T) to the 3/2 power, and
also by increasing the diameter of the discharge driven by
pressure balance. The Spitzer resistivity is defined as fol-
lows:

ZInA

Ps=W-

The Spitzer resistivity effectively becomes proportional to
T3/2 because the plasma parameter, In A, is a very weakly
varying function of density and temperature and in this case
ranges from 1 to 4, and Z is the average ionization level of
the plasma and is typically about 1 for water arcs. The total
impedance of the arc channel is inversely proportional to the
mean cross-sectional area of the arc and proportional to the
length of the arc. Heating the water-arc plasma increases the
plasma pressure and expands the arc against the water and
decreases the overall arc impedance. Dynamic pressure
balance sets the time-dependence of the arc diameter and,
hence, the arc area.
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In operation, it is believed that a short time delay can
occur after a voltage pulse is applied to the conducting
electrodes 70, 72 and before the arc forms in the dielectric
medium across the gap 74 between the electrodes 70, 72.
This delay can be in the range of 50 ps to several hundred
microseconds. Once a breakdown occurs, the voltage across
the electrode gap 74 (i.e., the arc) drops and the current
rapidly increases to a maximum voltage, as determined by
the PFN 34 and the impedance of the arc. This is due to the
rapid change in the impedance of the arc in time. The
impedance can fall to a nearly steady-state value that is
determined by the length of the discharge, the peak current
of the discharge, the electrode geometry (field enhance-
ment), the initial static pressure, and the final dynamic
pressure on the arc. Because the duration of the current pulse
is much longer than the acoustic time of the system, the arc
can see an increase in the dynamic pressure during the pulse.
Thus, later in time, the pressure in the system is higher and
the arc impedance is able to remain substantially constant
over a long period of time.

In some cases, an active trigger system may be desirable.
For example, a liquid with a high conductivity may cause
significant energy loss from the PFN 34 before the arc
initiates. In that case, the apparatus 10 can include an active
trigger feature, which involves the application of voltages of
order 50 kV or greater to the electrodes 70, 72, to reduce the
resistive losses in the conducting dielectric medium.

The initial formation and heating of the arc can generate
a high-pressure shock, and the pressure shock can be char-
acterized by a relatively short rise time, such as a rise time
of less than 50 ps. The duration of the electrical drive pulse
is typically longer than the acoustic transit time of the
system. The multiple shocks that are generated in the arc can
equilibrate and create a long-duration, dynamic pressure
pulse on the system. The dynamic pressure in the system can
tend to increase as long as electrical energy is delivered to
the load. When the input electrical energy from the pulser 12
ceases, the pressure begins a relatively slow decay, with the
decay time typically depending on the specific mechanical
details of the system. In testing, energies above 100 kJ
delivered to a load region resulted in generation of pressures
greater than 1 kbar (15 kpsi) in an enclosed or substantially
enclosed chamber with a volume of about 1 liter. It is
believed that lower peak pressures and shorter pressure
durations would be generated in a larger-volume configu-
ration, such as would typically be present in the wellbore 16.
Higher peak pressures are possible if the total volume is
smaller and/or if more energy is delivered to the load.

It is also believed that the electrode dimensions (length
and diameter for axial electrodes 70, 72 as shown in FIG. 5,
and axial height and radial length for radial electrodes 70,
72, as shown in FIG. 6) can have several significant effects
on the performance of the apparatus 10. First, the diameter
of axial electrodes 70, 72 and the electrode spacing can
determine, at least partially, the average electric field
strength seen at the surface of the electrodes 70, 72. It is
believed that a higher electric field at the surface of the
electrode 70 typically correlates with a more rapid formation
of the electrical arc. Thus, if it is desirable to have a large
geometrical field enhancement for a particular application,
smaller diameter electrodes 70, 72 may be preferred. Sec-
ond, larger electrode diameter for an axial electrode 70, 72
typically correlates with more electrode mass being avail-
able to erode during many discharges (e.g., hundreds of
discharges during hundreds of operations of the electrode
assembly 20). To reduce erosion, it may be desirable to have
the largest-diameter, most massive electrode 70, 72 reason-
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ably possible while staying within other design constraints.
Third, leakage current in conductive water (e.g., salinity
greater than 1000-ppm total dissolved solids) can be reduced
if the total area of the high-voltage electrode 70 is reduced.
Thus, in some cases, it may be desirable to minimize the
surface area of the high-voltage electrode 70 to reduce
leakage current. It is appreciated that the three above-noted
drivers for the design of the electrode dimensions are partly
conflicting. For example, if a small electrode diameter is
chosen to reduce leakage prior to arcing, the electric field
enhancement may be too low, there may be a very slow
development of the precursor streamers that eventually form
arcs, and the arcs that do form may have very little prefer-
ential direction. In extreme cases, arcs may propagate from
the high-voltage electrode 70 to any adjacent ground loca-
tion. Also, if the diameter of the electrode 70 is too small,
then the useful lifetime of the electrode 70 may be short due
to excessive erosion. On the other hand, if the diameter and
length of the first electrode 70 are too large, then the leakage
current may be very large, and too much energy may be lost
before the arc forms.

A rapid current rise time can help minimize the unwanted
parasitic arcs and reduce the delay between the application
of the voltage to the electrodes 70, 72 and the formation of
an arc for larger diameter electrodes 70, 72. One way to
minimize the leakage current from the first electrode 70 is to
coat the electrode 70 with an appropriate insulating material,
such as epoxy, e.g., thermosetting resin available under the
trade name of Scotchcast®, a trademark 3M Company. That
is, the curved, radially outward surface of the electrode 70
can be coated, and the coating can erode away as the
electrode 70 erodes. In tests, a coated electrode 70 having a
diameter of about 2.5 cm was demonstrated to work well
when pulsed with an electric pulse having a rise time of
about 50 ps or less.

Many modifications and other embodiments of the inven-
tion set forth herein will come to mind to one skilled in the
art to which this invention pertains having the benefit of the
teachings presented in the foregoing descriptions and the
associated drawings. Therefore, it is to be understood that
the invention is not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended
claims. Although specific terms are employed herein, they
are used in a generic and descriptive sense only and not for
purposes of limitation.

What is claimed:

1. A method for generating high-pressure pulses in a
subterranean dielectric medium, the method comprising:

providing an electrode assembly in the dielectric medium,

the electrode assembly having an assembly housing,
the electrode assembly further having a first electrode
positioned within and supported by the assembly hous-
ing and having a second electrode positioned within the
assembly housing, wherein the first and second elec-
trodes of the electrode assembly are arranged in a radial
configuration, with the first electrode disposed radially
within a ring defined by the second electrode, and a
radial gap between the first and second electrodes,
wherein the first electrode and the second electrode
have a cylindrical shape, and wherein at least one of the
first electrode and the second electrode have an axial
length of at least 10 millimeters; and

delivering a shaped electric current pulse from a pulser to

the electrode assembly, the electric current pulse hav-
ing a duration greater than 100 ps and maintaining a
substantially constant current during the duration of the
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electric current pulse, such that an electric arc is formed
between the first and second electrodes, and thereby
producing a pressure pulse in the dielectric medium,
wherein the pulser further comprises a pulse-forming
network including a plurality of capacitors arranged in
parallel and a plurality of inductors arranged in series.

2. The method of claim 1 further comprising, prior to the
step of delivering the electric current pulse, delivering a fluid
to the dielectric medium to increase the pressure of the
medium to at least 5 bars.

3. The method of claim 1 wherein the step of delivering
the electric current pulse comprises forming the electric arc
through the dielectric medium comprising a fluid that is at
least partially saturated with a gas comprised of at least one
of the group consisting of ammonia, sulfur dioxide, and
carbon dioxide, such that at least some of the gas in the fluid
of the dielectric medium is released during the production of
the pressure pulse.

4. The method of claim 1 wherein the step of delivering
the electric current pulse comprises delivering a voltage
between 10 kV and 30 kV to the electrode assembly.

5. The method of claim 1 wherein the step of delivering
the electric current pulse comprises delivering a current of at
least 5 kA for the electric current pulse duration.

6. The method of claim 1 wherein the duration of the
electric current pulse is between 200 ps and 4 ms.

7. The method of claim 1 wherein the dielectric medium
comprises at least one of the group consisting of water,
saline water, oil, or drilling mud.

8. The method of claim 1 wherein the step of delivering
the electric current pulse comprises delivering at least 50 kJ
of energy to the electrode assembly during the electric
current pulse duration.

9. The method of claim 1 wherein the step of delivering
the electric current pulse and producing the pressure pulse in
the medium comprises producing a pressure of at least 1
kbar for a duration of at least 10 milliseconds in the medium.

10. The method of claim 1 further comprising repeating
the step of delivering the electric current pulse to the
electrode assembly at a frequency of at least 1 Hz.

11. The method of claim 1 wherein each electrode having
a thickness between 0.2 cm and 2.5 cm and the radial gap
between the first and second electrodes being between 0.5
cm and 4 cm.

12. An apparatus for generating high-pressure pulses in a
subterranean dielectric medium, the apparatus comprising:

an electrode assembly configured to be disposed in the

dielectric medium, the electrode assembly having an
assembly housing, the electrode assembly further hav-
ing a first electrode positioned within and supported by
the assembly housing and having a second electrode
positioned within the assembly housing, wherein the
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first and second electrodes of the electrode assembly
are arranged in a radial configuration, with the first
electrode disposed radially within a ring defined by the
second electrode, and a radial gap between the first and
second electrodes, wherein the first electrode and the
second electrode have a cylindrical shape, and wherein
at least one of the first electrode and the second
electrode have an axial length of at least 10 millimeters;
and

a pulser configured to deliver a shaped electric current

pulse to the electrode assembly, the electric current
pulse having a duration greater than 100 ps and main-
taining a substantially constant current during the dura-
tion of the electric current pulse, to form an electric arc
between the first and second electrodes and thereby
produce a pressure pulse in the dielectric medium,
wherein the pulser further comprises a pulse-forming
network including a plurality of capacitors arranged in
parallel and a plurality of inductors arranged in series.

13. The apparatus of claim 12 further comprising a
pressure device configured to deliver a flow of fluid to the
medium to increase the pressure of the dielectric medium to
at least 5 bars.

14. The apparatus of claim 12 wherein the pulser is
configured to deliver the electric current pulse at a voltage
between 10 kV and 30 kV.

15. The apparatus of claim 12 wherein the pulser is
configured to deliver the electric current pulse at a current of
at least 5 kA.

16. The apparatus of claim 12 wherein the duration of the
electric current pulse is between 200 ps and 4 ms.

17. The apparatus of claim 12 wherein the pulser is
configured to deliver at least 50 kJ of energy to the electrode
assembly during the electric current pulse duration.

18. The apparatus of claim 12 wherein each electrode
having a thickness between 0.2 cm and 2.5 cm and the radial
gap between the first and second electrodes being between
0.5 cm and 4 cm.

19. The apparatus of claim 12 wherein the pulser is
configured to deliver a plurality of electric current pulses to
the electrode assembly at a frequency of at least 1 Hz.

20. The apparatus of claim 12 wherein the pulser com-
prises a solid-state electrical switch configured to deliver the
electric current pulse to the electrode assembly.

21. The apparatus of claim 12 wherein the pulser com-
prises a gas-based electrical switch to deliver the electric
current pulse to the electrode assembly.

22. The apparatus of claim 12 in which the pulser com-
prises an inductive pulse-forming network and an opening
switch configured to deliver the electric current pulse to the
electrode assembly.



